The eolor histogram, which bears the composition information of colors, has been widely used in content-based image retrieval. By further incorporating the spatial information, the effectiveness of conventional color histograms can be improved. However, the approaches reported in the literature usually demand high computation and storage eost I n this paper, we propose a geometry-enhanced metbod that incorporates the average distance of color pain into the color histogram. The similarity between two geometry-enhaoced color histograms is evaluated by simultaneously taking the composition and the distribution of colon into account Experimental results show that the proposed geometric enhancement significantly improves the retrieval discriminability with minimal added comptexity.
I. INTRODUCTTON
igital audio-visual information has proliferated on the technology. As users have more access to the audio-visual data, efiicient identification of the enormous multimedia contents becomes very important. However, the audio-visual data usually contain abundant and diversified information that lacks simple and consistent descriptions. Conventional indexing techniques by annotations in conjunction with keyword search are not always applicable to audio-visual data and their accuracy is often questionable. The content-based indexing and retrieval has therefore been proposed as a remedy [I] . A set of descriptions, usually low-level features that are essential to human perceptual systems, are used as the information access interface.
The content-based image indexinghetrieval is fulfilled in two complementary parts. On one side, the description producer generates index vectors by extracting the visual features in images. These index vectors can he regarded as a projection of the original image onto a lower-dimensional feature space. One can combine and manipulate the index vectors to obtain descriptions that have higher-level semantic meanings. On the other side, the description consumer manages The major concems for content-based image retrieval systems are accuracy, robustness, and complexity. An ideal feature space should keep the dimension low for fast processing while maintain high discriminability for semantically different images. In some situations (such as object recognition), the robustness to illumination and other environmental variations may be desired.
An image is characterized by its color composition and color distribution of pixels. The most commonly used low-level features for content-based image indexing include color, texture, and shape, for which many algorithms have been developed for unsupervised extraction. The standard color histogram [2], which counts the number of pixels of a specific color within a full spectrum, conveys the color composition information irreverent of their position. The wide adoption of color histogram in image r e~e v a l mainly attributes to two reasons. First, the color histogram is fairly efficient and it provides the robustness to geometric distortions such as rotation and translation. Second, unlike other descriptions that involve more ad hocness, it is straightforward to compute and compare color histograms. The major drawback of the conventional color histogram is the lacking of spatial information. Two semantically different images can have a very similar color histogram. Another issue is the high dimensionality in order to achieve good results.
Several approaches that incorporate spatial information of colors have been proposed to increase the accuracy of histogram-based rehieval. One direction is to partition an image into several regions and then the color histogram (as well as shape and texture) for each region (possibly an object of interest) can he individually identified [SI. However, unreliable image segmentation would render these schemes vulnerable. Another popular approach, called the histogram refinement, refines each histogram bin by additional spatial constraints. Pass and Zahih [4] propose to use the color coherent vector that classifies a pixel color as coherent or incoherent by the size of its connected components. Alternatively, one can incorporate the geometric features such as the edge orientation, distance map, and texture into the color histogram [5] . Huang er al. [6] introduce the color correlogram that extends the color histogram to count the number of pixel pairs at a given distance. The concept of correlogram is further generalized to the geometric histogram by Rao ef al.
[7], which comprises more general geometric configurations.
However, these geometrically aided approaches are inevitably more involved than the conventional color histogram method.
In this paper, we introduce a geometry-enhanced color histogram. Instead of dividing a color bin into sub-bins that bear geometric information, we use the first distance moment of color pairs as a summary of the spatial distribution. One can compute the proposed statistic feature offline and store it for later comparison. The similarity between two histograms is then measured by simultaneously considering the pixel count and the distance distribution. The computation involving in locating the best matches in the feature space is much less than that for the correlogram method. Two similarity measures are employed to verify the proposed algorithm. Experimental results show that the proposed method achieves much better accuracy than the standard color histogram method.
The rest of this paper is organized as follows. In Section 2, we review the color histogram, the color correlogram, and their corresponding similarity measures. Section 3 introduces the proposed spatially enhanced color histogram. Simulation results are presented in Section 4, followed by the concluding remarks.
n. COLOR HISTOGRAM AND CORRELQGRAMS
Consider an image I and let I@) be the color for a pixel p . Partition a color space C into n disjoint regions (colors) cI. 
Dividing the above quantities by the total number of pixels or pixel pairs yields the normalized quantities that can be treated as probabilities. We will denote them as p j ( l ) (for I.
(8)
It can be shown that using intersection is equivalent to using the L, norm. By treating the normalized histogram as a probability mass function, we can define another similarity measure Ss as s8(1,J*)= ZJ- 
Note that the values of SI and SE lie between 0 and 1, and the maximal value is achieved when the two histograms are identical. The above definitions can be trivially generalized to compute the similarity between two normalized autocomlograms.
The images available in the Internet are primarily PEG coded. Instead of using the pixel-based histogram, we propose using the histogram of the DC image [9]. The DC image of a PEG image is obtained by collecting the DC elements (8 times the average value) of the 8x8 blocks. Using the DC images not only reduces the processing time and cost but also increases the robustness owing to the low-pass nature of averaging. The required DC coefficients can be obtained by partial decoding and they occupy only 1/64 storage space. Throughout this paper, the performance is mainly evaluated against the 47 P E G color images shown in Fig. 4 (Test Set 1). We adopt a 64-bin color system obtained by uniformly quantizing the RGB color space with 4 levels for each component. The matching results in terms of S, and SE for the color histogram and autocorrelogram are given in Fig. 1 . It is clear that the autocorrelogram is more discriminating than the histogram.
Furthermore, clearer distinction is made by using SI.
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Instead of using L . in 161, we use the L distance in this paper since it ktler characterizes the intrinsic geometry ofan image. 
GEOMETRY-ENHANCED COLOR HISTOGRAMS
The color histogram captures the color ingredients of an image, irrelevant of the layout that is essential to image understanding. The autocomelogram further captures the spatial distribution of pixel pairs of identical colors. The similarity between two autocorrelograms can in general be where Ed.] stands for the expected value of a random variable X. The inner expectation in (11) is taken over the distance distribution for a specific color and the outer expectation is taken over all colors. We have fully evaluated (1 1) (i.e., the autocorrelogram) under the SI and SE measures in the last section, and have obtained more reliable query results than the standard histogram. However, full evaluation of (1 1) demands much more space and computational power.
We can alleviate the required complexity by breaking the expectations in (1 1) into two independent operations. To he more specific, we will replace the inner expectation [cl geometry-enhanced color histograms is then given by for the two types of similarity measures S, and SE, respectively.
In (13) and (14) , @,to} stands for the normalized color histogram and the superscript WS indicates that the scalar difference is taken in the numerator of (12). Since Wj stands for the geometric similarity for a particular color c, between two images, Sy and SF can be viewed as an average geometric similarity weighted by mW,(~,),p,VJ) and Jm, respectively.
We can further incorporate the angle information to the distance distribution of colors. Let &I) he the average angle of DC pairs with color cJ By attaching q{l) to 4(l) to form the vector and taking the vector difference in the calculation of W,,
and (14) become the similarities for vector-based geometry-enhanced color histograms, denoted by Sy and S,W .
Note that the weighting factor W, can be pre-calculated independently for each image and stored for later use with only q n ) space. During the query process, only q n ) operations are required to make a comparison based on (13) or (14). Besides, the proposed algorithm can he fully integrated with the standard color histogram and used as a second-stage reking search.
N. PERFORMANCE EVALUATION
We have tested the proposed method with two test sets. Test Set 1 (shown in Fig. 4) contains 47 images collected from the lntemet with image size 320x240 (or 240x320). The color space is quantized into a 64-bin RGB color system. The distance in autocomelograms is rounded to the block length. Therefore, a 320x240 picture (composed of 40x30 blocks of size 8x8), can assume 50 discrete values (0, 1, ..., 49) for distance k. The image #25 is used as the query image. It is seen that the distance information included in S:s and Sy significantly improves the discemment of the color histogram. Adding the angle information slightly increases the query accuracy. In fact, the proposed method approaches the performance of the autocorrelogram method. The results in Fig. 3 that are evaluated under SE reveal the same conclusion.
where Ad-is the maximal value of 14 (I,) -@12)l, j = 1,2, ..., where Song and S., indicate the similarities given by the original and geometry-enhanced color histograms, respectively.
The statistics for Figs. 2 and 3 is summarized in Table I , where the superscript (WS or Wv) and subscript (I or B) associated with rp stand for the corresponding weighting type (scalar or vector) and similarity measure. Average 20% or 25% improvement is achieved with the proposed scalar or vector geometric enhancement, respectively. The last column of Table  1 gives the average improvement of the most similar (the least distinguishable) 10% images with the query image. Table I1 lists the average value of rp by running through all the 47 images (Test Set 1) as the query image. It can be seen that the geometry-enhanced method provides consistent improvements that are rather independent of the similarity measure, the query image, and even the test set. The same evaluation is conducted on the Test Set 2 that consists of 150 color images (of size 192x128 or 128x192) randomly selected from the collection of UC Berkeley Digital Library [IO] . Similar results as Test Set 1 are obtained and are also listed in Table 11 . 
V. CONCLUSION
In this paper, we present a geometry-enhanced method to improve the effectiveness of color histograms. The average distance of color pairs is employed to refine the similarity comparison of standard color histograms. Efficient and fast retrieval can be achieved with the added geometric information. Experimental results show that the proposed method provides significant and consistent improvements in discriminating power for content-based image retrieval.
